1.
Introduction 31 
32
Particulate matter, a major component of air pollution, has recently been classified as carcinogenic 33 to humans (Group 1). This classification came from the International Agency for Research on 34 Cancer (IARC), which is part of the World Health Organization (WHO), based on sufficient 35 evidence that exposure is associated with an increased risk of lung cancer (Loomis et al., 2013) . 36
Airborne ultrafine particles (UFPs, referring here to those below 300 nm in diameter to include over 37 99% of total particle number concentration, PNC, (Heal et al., 2012) ) are of large concern to the air 38
In the waste management, incineration is considered a good practise for reducing the waste volume 23 and recovering its energy to produce electricity and district heating. Nevertheless, incinerators have 24 generated a strong debate in Western countries about their emissions of UFPs. Currently, as well as 25 other industrial plants, only a mass-based threshold limit value is imposed as stated by the Directive 26 2010/75/EU (European Parliament and Council, 2010). In particular, total dust values (total amount 27 of particle emitted in terms of mass) at the stack of the incinerators have to be lower than 10 mg m -3 28 on daily basis. However, the total particle mass is an inadequate measure of the lung penetrating 29 particle fraction, as larger particles, mostly contributing to mass concentration, precipitate in the 30 nose or throat region upon inhalation. Within the past decade many efforts were carried out by 31 European countries to decrease toxic emissions from waste incinerators: thanks to these efforts, 32 nowadays waste incineration in Western countries represents a relatively clean process (Ragazzi 33 and Rada, 2012), equipped with some of the most recent flue gas treatments, such as wet scrubbers, 34 fabric dust filters, absorbers, or electrostatic dust precipitators (ESP). On the other hand, the risk 1 perceived by people living near waste incinerators is very high because of the bad reputation of 2 previous waste processing plants with a diffuse social response like the Not In My Backyard 3 (NIMBY). This opinion is reinforced by a handful of scientific papers on the characterisation of 4 particles emitted by waste incinerators at full scale real operating conditions: furthermore, no 5 papers estimated the contributions of these emissions to the daily ultrafine particle exposure or 6
dose. This is a crucial aspect since throughout their entire lives, each and every person is exposed to 7 the aerosols omnipresent in indoor air. As regards this topic, there are still major challenges to be 8 addressed to fully understand and quantify the magnitude of both individual and population 9 exposure to air pollution in different types of outdoor and indoor microenvironments. In fact, 10 exposure is a product of the ultrafine particle concentration and the time over which a person is in 11 contact with that pollutant: the corresponding dose is a product of exposure and dosimetry factors, 12
and it estimates the quantity available for interference with metabolic processes or biologically 13 significant receptors (Morawska et al., 2013). 14 The aim of this paper was to review the existing literature on the ultrafine particle emissions of 15 waste incinerators with a special focus on the contribution of these emissions to the overall human 16 exposure and daily dose. Exposure in typical important microenvironments has already attracted 17 separate review (Morawska et al., 2008) . In addition, we included in this review other more recent 18 studies and identified studies published in English, using ScienceDirect, EBSCOhost, Web of 19 Science and Wiley Interscience search engines. The following key words were used: incinerator, 20 ultrafine particles, nanoparticles, waste. Additional studies were identified in the references of these 21 publications, and on the basis of personal knowledge of the authors of this review. 22 
23

2.
Material and methods 24 25 As discussed above, ultrafine particle emissions from waste incinerators have not received adequate 26 scientific attention. It should be noted that articles included in this review varied in their design and 27 approach, also because different instrumentation was used. Consequently, most of the available 28 data derive by different measurement procedures and instruments, leading to significant difficulties 29 in the comparison. Moreover, even less information is reported about particle formation and 30 changes in size arising from possible condensation of semivolatile flue gas components due to 31 dilution and cooling effects. Tab. 1 summarizes exposure monitoring studies on ultrafine particle 32 emissions of waste incinerators considered in this review. 33 34
Flue gas treatment in waste incinerators 1
An important part of a waste incinerator is the flue gas treatment, as it has the purpose of cleaning 2 the air pollutants produced. As regards particles, filtration can be carried out by means of 3 electrostatic precipitators (ESP) and baghouse filters (BH). ESPs use electrostatic force to remove 4 particles with a diameter less than 5 m, with high efficiency for ultrafine particles. The aim of 5
ESPs is to charge the suspended particles in the flue stream. Then, the particles pass through an 6 electrostatic field in order to drive them to a collecting electrode. 7
The use of fabric filters is based on the principle of filtration, which is an efficient method to 8 remove particulate matter from the gases. Furthermore, they are recently considered as capture 9 systems even for the ultrafine fractions either of primary origin (filterable fraction) than deriving 10 from nucleation, condensation and coagulation effects arising from cooling and dilution of the flue 11 gas (condensable fractions). The air pollution control equipment using fabric filters are known as 
Instrumentation used for monitoring UFP emissions from waste incinerators 19
The particle number concentration and size distribution in the flue gas of waste incinerators was 20 carried out by means of on-line particle sizing techniques. The aerosol measurement system mostly 21 consists of a sampling system fitted for the purpose, as well as measurement instruments mounted 22 in a transportable rack. 23 In some of the studies reported in Tab. 1, a fine particle sampler FPS-4000 Dekati® for diluting and 24 conditioning aerosol, as well as an electrical low pressure impactor ELPI designed dilution system by maintaining automatic isokinetic sampling. In summary, for industrial 6 plants dilution is necessary i) to prevent condensation of inorganic and organic gaseous species 7 with decreasing temperature, ii) to avoid coagulation in the sampling line, iii) to reduce the particle 8 concentration in order to avoid overloading of the particle counters. 9
Indeed, the dilution ratio adopted (Tab. 1) varies in a wide range: from 1:5 up to 1:10000. This was 10 due to the fact that one could expect high particle concentrations at the stack of waste incinerators 11 but the measured values were very low. Therefore, the dilution systems had the only aim to prevent 12 condensation of inorganic and organic gaseous species by avoiding a decrease of the temperature 13 before the particle measurement. 14 15 16
UFP emissions from waste incinerators 17 18
The statistics of particle number concentration shows a log-normal distribution within the studies 19 under review reported in Tab. 1. In particular, the median value was equal to 5.5×10 The core finding of these works is that the value of particle number concentration at the stack of the 32 analysed incinerators is relatively low. This is surprising since in general much higher values of 33 particle number concentration would be expected at the stack of industrial plants.. The majority of 34 the particles from the combustion is removed from the flue gas by the bag-house filter. corresponding to an overall 6 number-based filtration efficiency of about 99.99%. Therefore, even so the bag-house filters are 7 usually present in incinerators to meet regulatory requirements in terms of total dust at the stack 8 (which is a mass-based threshold limit value), they in addition have high filtration efficiency also in 9 terms of particle number concentration. 10
In terms of ultrafine particles emitted at the stack, the impact of waste incinerator seems to be 11 negligible. By considering the median value of particle number concentration (5.5×10 waste incinerator (large capacity incinerators can have an emission factor one order of magnitude 21 higher). As regards the comparison with indoor sources, the emission factor of waste incinerator 22 presents higher values. Nevertheless, the particle generation that occurs in an indoor environment, 23 because of reduced air exchange rate, gives rise to higher particle number concentration in the 24 microenvironment when compared to outdoor environments. Furthermore, the contribution of 25 indoor sources to the daily exposure is much more important in respect to outdoor because people 26 spend most of the time in indoor microenvironments. 27 28 29
4.
Particle emissions at the stack of waste incinerators and spatial distribution of particle 30 concentrations within urban environment 31 32 In order to identify the eventual impact of waste incinerators in an urban area, ultrafine particle 33 concentration levels for different outdoor microenvironments were reported in this review. Starting It can be seen from Tab. 3 a considerable variability in ultrafine particle concentrations and that 6 tunnel, on road, street canyon and road side categories have values of up to an order of magnitude 7 above the urban background. The ultrafine particle concentrations at the stack of a waste incinerator 8 present the same order of magnitude of urban background, rural and clean background. Therefore, 9
flue gas treatment at waste incinerators is able to reduce the ultrafine particle concentration up to 10 background level (referring to a median performance). , for weekdays and weekends, respectively. Therefore, the ultrafine 2 particle concentrations at the stack of a waste incinerator are typically lower than the background 3 concentration values, which represent the minimum values in terms of exposure for that urban area. 4
On the other hand, the median particle number concentration in the transportation 5 microenvironment is equal to 5. smaller particles, such as ultrafine particles, due to their ability to be deposited in lower regions of 27 the respiratory tract, leading to a range of adverse health effects. Therefore, the assessment of a 28 person's individual exposure-risk is a complex task because of a multiplicity of sources, 29 microenvironments and personal lifestyles. On the other hand, even though it is known that waste 30 combustion processes are a source of particles and gaseous emissions, incinerators have generated a 31 strong debate in Western countries, in terms of their emission of ultrafine particles. Therefore, it is 32 also necessary to quantify particle emissions from incinerators when performing an exposure 33 assessment for the human populations living in their surrounding areas. Motivated by growing 34 considerations of the scale, severity and risks associated with human exposure to particulate matter, 1 this work reviewed existing literature to: (i) identify emissions of waste incinerators in terms of 2 ultrafine particles; (ii) assess the contribution of waste incinerators to personal exposure and daily 3 dose. On the basis of the reviewed literature it was concluded that the emission factors of waste 4 incinerators are small if compared to those of other outdoor sources and comparable to several 5 indoor sources. Unfortunately, in this case, the indoor microenvironment gives rise to a very 6 important contribution to the daily exposure and dose. Besides, if we consider the distance between 7 the stack of waste incinerators and persons as well the low particle number concentration measured 8 at the stack, we can conclude that in ultrafine particle exposure assessment the contribution of 9 waste incinerators with a flue gas treatment constituted by a bag-house filter as a minimum has to 10 be neglected. These considerations are referred to the primary emission of ultrafine particles: 11 Junker, M., Kasper, M., Roosli, M., Camenzind, M., Kunzli, N., Monn, C., Theis, G., Braun, C., 28 2000. Airborne particle number profiles, particle mass distribution and particle bound PAH 29 concentrations within the city environment of Basle: an assessment of the BRISKA project. 
